The interstellar medium is not necessary fully ionized. When a shock propagates into the partially ionized medium, some neutral particles leak into the upstream region from the downstream region. In this paper, we investigate how leakage neutral particles affect the upstream structure of the shock and particle accelerations. By using four fluid approximations (upstream ions, upstream neutral particles, leakage neutral particles and pickup ions), we provide analytical solutions of the precursor structure due to leakage neutral particles. It is shown that the upstream flow is decelerated in the precursor and the shock compression ratio becomes smaller than that of the strong shock limit, but the total compression ratio is the same as that of the strong shock limit. Even if leakage of neutral particles is small (a few percents of upstream particles), this smaller compression ratio of the shock can explain steep gamma-ray spectra from young supernova remnants.
INTRODUCTION
Supernova remnants (SNRs) are thought to be the origin of Galactic cosmic rays (CRs). The most popular SNR acceleration mechanism is diffusive shock acceleration (DSA) (Axford et al. 1977; Krymsky 1977; Bell 1978; Blandford & Ostriker 1978) . In fact, Fermi and AGILE observed GeV gamma rays due to CRs from SNRs (e.g. Abdo et al. 2009 Abdo et al. , 2010 Tavani et al. 2010; Giuliani et al. 2011; Giordano et al. 2012) . However, gamma-ray spectra from SNRs are steeper than that expected from the standard DSA theory. The steep spectra can be interpreted as effects of an energy dependent escape (Ptuskin & Zirakashvili 2005; Caprioli et al. 2010 ) and diffusion (e.g. ) for middle-aged SNRs (∼ 10 4 yrs old). For young SNRs ( 10 3 yrs old), some ideas to explain the steep spectra have been proposed (Kirk et al. 1996; Zirakashvili & Ptuskin 2009; Ohira et al. 2009; Ohira & Takahara 2010; Bell et al. 2012) but it is still an open issue. Ohira et al. (2009) ; Ohira & Takahara (2010) proposed importance of neutral particles to particle accelerations and shock structures. A neutral fraction of the interstellar medium around SNRs is often found to be order of unity (Ghavamian et al. 2000 (Ghavamian et al. , 2002 .
Interactions between neutral particles and plasma have observed directly in the solar wind. There are two peculiar particles, energetic neutral atoms (McComas et al. 2009 ) and pickup ions (Gloeckler et al. 1993) in the solar wind. Although origins have not been completely understood, an attractive idea has been proposed. Neutral particles penetrate into the inner solar system from the surrounding local interstellar medium. The neutral particles have large velocity in the rest frame of the solar wind. After they are ionized by charge exchange and photo ionization, they are picked up by the magnetic field of the solar wind, so that they become pickup ions with large velocity dispersion in the solar wind. After passing over the termination shock, some pickup ions become neutral atoms by charge exchange. The neutral atoms can propagate toward the sun and are observed as energetic neutral atoms.
Applying these pictures to SNR shocks propagating into a partially ionized medium, we expect leakage of neutral particles from the downstream region to the upstream region. Furthermore, the leakage neutral particles become pickup ions by collisional ionization or charge exchange in the upstream region. If leakage is significant, the upstream flow is decelerated and heated by the pickup ions. As the result, a precursor is produced by leakage neutral particles. Very recently, Blasi et al. (2012) showed that neutral particles really leak into the upstream region from the downstream region by solving the Vlasov equation of neutral particles. They showed the formation of the precursor due to the neutral particles and provided the precise velocity distribution of neutral particles by assuming that only the ion distribution is a Maxwellian.
In this paper, we investigate the precursor structure by a different approach which is a four fluid approximation. We consider upstream ions, upstream neutral particles, leakage neutral particles and pickup ions, respectively. The velocity distribution of ions in the downstream region has not been understood for SNR shocks, especially, in the partially ionized medium. Therefore, we treat physical values concerning to the leakage neutral particles as free parameters. Then, we obtain some analytical solutions of the precursor structure. Our results in this paper are qualitatively similar to that of Blasi et al. (2012) .
We first provide some lengthscales for collisional ionization and charge exchange in Section 2. We then provide four fluid models to describe the precursor structure in Section 3, and provide two approximate solutions in Section 3.1 and 3.2. Section 4 is devoted to the discussion.
RELEVANT LENGTHSCALES
In this section, we briefly summarize relevant lengthscales in the precursor due to leakage neutral particles. We here consider charge exchange and collisional ioniza-tion as interactions between ions and neutral particles. Although collisional ionizations with electrons could be important, it depends on an electron temperature which has not been understood yet (Ohira & Takahara 2007 Rakowski et al. 2008) . We here do not take into account ionization due to electrons. Cross sections of charge exchange and collisional ionization depend on a relative velocity, u rel (e.g. Heng & McCray 2007) . Collisional ionization is dominant for u rel 3000 km s −1 and its cross section of hydrogen is typically σ i ∼ 10 −16 cm 2 . On the other hand, charge exchange is dominant for u rel 3000 km s −1 and its cross section of hydrogen is about σ C.E. ∼ 10 −15 cm 2 . In the shock rest frame, leakage neutral particles typically have a velocity comparable to the shock velocity, u leak ∼ −u sh . Then, the relative velocity between upstream particles and leakage neutral particles is about u rel,leak ∼ 2u leak . The shock velocity is typically u sh ∼ 3000 km s −1 for young SNRs, so that collisional ionization with upstream ions and upstream neutral particles is the dominant process for leakage neutral particles. Therefore, the precursor scale in the shock rest frame, L pre , is given by
where n tot is the total number density of the upstream ions and neutral particles.
Upstream neutral particles are ionized by collision with leakage neutral particles and pickup ions. The interaction length in the shock rest frame, L i,up , is given by
16 cm u sh /u rel,leak 0.5
where n leak is the number density of leakage neutral particles and we assume that the number density of leakage neutral particles is smaller than upstream total number density. Therefore, as long as u sh /n leak > u leak /n tot (L i,up > L pre ), the ionization of upstream neutral particles by leakage neutral particles is negligible in the precursor.
Upstream neutral particles interact with not only leakage neutral particles but also upstream ions. The relative velocity between upstream neutral particles and upstream ions, u rel,up , would becomes larger than their thermal velocity but smaller than the shock velocity, u sh ∼ 3000 km s −1 . Therefore, charge exchange is dominant and the interaction length between upstream ions and upstream neutral particles in the shock rest frame, L C.E.,up , is given by L C.E.,up ∼ 2 × 10 17 cm u sh /u rel,up 100
where n ion is the number density of upstream ions. If leakage is small, the upstream plasma flow does not change significantly and L C.E.,up > L pre . Then, upstream neutral particles rarely interact with upstream ions in the precursor, that is, the flow velocity of upstream neutral particles does not change. We consider this decoupling case in Section 3.1. If leakage is large, the upstream plasma flow is significantly decelerated and u rel,up ∼ u sh and L C.E.,up < L pre . Then, upstream neutral particles interact many times with upstream ions in the precursor, so that the flow velocity of upstream neutral particles is almost the same as that of upstream ions. We consider this tight-coupling case in Section 3.2.
According to the DSA theory, accelerated particles diffuse into the upstream region. The diffusion length is given by
where η g , B and E are the gyrofactor, the magnetic field and the energy of accelerated particles. Therefore, particles are accelerated in the precursor due to leakage neutral particles, that is, leakage of neutral particles is important for the particle acceleration. The diffusion length of pickup ions is much smaller than the precursor scale, L pre . Hence, we can neglect diffusion of pickup ions.
FOUR FLUID MODEL IN A NEUTRAL PARTICLE PRECURSOR
In this section, we calculate the steady-state precursor structure due to leakage neutral particles. There are cold ions and neutral particles in the upstream region. In addition, we consider leakage neutral particles and pickup ions originated from leakage neutral particles. We here adopt a four fluids model to describe the precursor. Continuity equations of the steady state are given by
where the subscripts 'n', 'leak', 'ion' and 'PUI' denote upstream neutral particles, leakage neutral particles, upstream ions and pickup ions, respectively and x is the coordinate of the direction along the shock normal (x = 0 and x = −∞ are the position of the shock and the far upstream region, respectively.) We assume that the fluid velocity of pickup ions is the same as that of upstream ions because of electromagnetic interactions, u PUI = u ion . Q ion and Q PUI are source terms and given by
where we approximate all relative velocities as a constant (see Equation (15)). The first and second terms of Q ion are due to the collisional ionization of upstream neutral particles with leakage neutral particles and pickup ions, -0.5 0 x / (n ion,0 +n n,0 )σ i n n / (n ion,0 +n n,0 ) n leak / (n ion,0 +n n,0 ) n ion / (n ion,0 +n n,0 ) n PUI / (n ion,0 +n n,0 ) u ion / u 0 M Fig. 1 .-Densities and velocity profiles for the decoupling approximation. The green, blue, cyan and magenta lines show densities of upstream neutral particles, leakage neutral particles, upstream ions and pickup ions, respectively. The red and black lines show the ion flow velocity and the Mach number, respectively. Boundary conditions are M 0 = 100, n n,0 /(n ion,0 + n n,0 ) = 0.2, n leak,sh /(n ion,0 + n n,0 ) = 0.05 and u leak,sh /u 0 = −0.5.
respectively. The first, second and third terms of Q PUI are due to the collisional ionization of leakage neutral particles with upstream neutral particles, pickup ions and upstream ions, respectively. Moreover, we here neglect charge exchange of leakage neutral particles. This approximation is valid for shock velocities larger than about 1500 km s −1 . For the decoupling (L C.E.,up > L pre ) and tight-coupling (L C.E.,up < L pre ) limits, the velocity difference between upstream ions and upstream neutral particles is small. Therefore, charge exchange between upstream ions and upstream neutral particles does not change anything. In the next subsection, we solve Equations (5)-(8) by using the momentum and energy conservations. The boundary conditions are as follows:
where the subscripts '0' and 'sh' represent quantities at the far upstream region and at the shock, respectively. Note that u leak,sh is negative. All quantities are normalized by u 0 and n ion,0 + n n,0 in Sections 3.1 and 3.2. Hence, free parameters are three, n n,0 /(n ion,0 + n n,0 ), n leak,sh /(n ion,0 + n n,0 ) and u leak,sh /u 0 . We treat leakage neutral particles as a cold fluid in this paper, that is, we neglect the velocity dispersion of leakage neutral particles. The relative velocity, u rel , is given by
3.1. Decoupling Approximation (L C.E.,up > L pre ) In this subsection, we solve equations of the four fluid system using the decoupling approximation corresponding to small leakage of neutral particles. We here assume that fluid velocities of upstream neutral particle and leakage neutral particles do not change from that at the far upstream region, u 0 and that at the shock, u leak,sh , respectively. Then, continuity equations are given by 
The momentum conservation law of upstream ions and pickup ions is given by
where m, P ion and P PUI are the particle mass, pressures of upstream ions and pickup ions, respectively. The energy conservation law of upstream ions and pickup ions is given by
where γ is the adiabatic index. To make the expression simple, hereafter velocities, densities, pressures and spatial coordinate are normalized by u 0 , (n ion,0 + n n,0 ), m(n ion,0 +n n,0 )u 2 0 and (n ion,0 +n n,0 ) −1 σ −1 i , respectively. Normalized quantities are denoted with a bar. From Equations (16)- (21), one can make four conserved quantities. Hence, Equations (16)- (21) reduce to following two equations:
whereū ion can be expressed bȳ
A = (γ + 1) (1 −n n −n leakūleak,sh ) ,
, where M 0 is the Mach number at the far upstream region. From Equations (22)- (24), one can obtain solutions of n n (x),n leak (x) andū ion (x) by numerical computations. By assuming that the brackets terms of Equations (22) and (23) are constant, one can obtain analytical approximations which are valid for smalln leak,sh . Using the solutions ofn n ,n leak andū ion , the other quantities,n ion ,n PUI andP ion +P PUI can be expressed bȳ
Moreover, the evolution of the Mach number, M (x), can be expressed by Figure 1 shows numerical solutions to Equations (22) - (28), where M 0 = 100, γ = 5/3,n n,0 = 0.2,n leak,sh = 0.05, andū leak,sh = −0.5. For the same input parameters, the analytical approximations of Equations (22) and (23) give an about 0.1 percent accuracy. There is no solution with M < 1. The flow velocity of ions and pickup ions,ū ion , is slightly decelerated by small leakage of neutral particles from the downstream region. However, the Mach number becomes small significantly because the pressure of pickup ions is large. These features are qualitatively the same as results of (Blasi et al. 2012) . The number density of upstream neutral particles,n n , is almost constant. As already mentioned in Section 2, ionization of upstream neutral is negligible in the precursor for the smalln leak,sh . Therefore, the number density of upstream neutral particles,n n , can be approximated by constant. Then, one can obtain analytical solutions at the shock.
Because we have all quantities at the shock, we can calculate the shock jump condition. The collisionless shock is formed by only the plasma because the dissipation length of the plasma is much small than the interaction length of neutral particles (Chevalier & Raymond 1978; Chevalier et al. 1980) . It should be noted that we have to take into account sink terms due to leakage of neutral particles when we derive the Rankin-Hugoniot relations. Even though leakage neutral particles are not ions, the origin is hot ions in the downstream region. By using the Rankin-Hugoniot relations between the far upstream region and the down stream region, one can easily obtain the shock jump condition. This is because the net source of ions is only upstream cold neutral particles in between the far upstream region and the downstream region. Therefore, the total compression ratio between the far upstream region and the downstream region is given Figure 1 , but for the tight-decoupling approximation. Boundary conditions are M 0 = 100, n n,0 /(n ion,0 + n n,0 ) = 0.9, n leak,sh /(n ion,0 + n n,0 ) = 0.3 and u leak,sh /u 0 = −0.5.
where r tot = 4 for γ = 5/3. The partial compression ratio between the far upstream region and just behind the shock (x = −ǫ) isū
ion , so that the compression ratio of the shock is given by
One can obtain the analytical approximations of the shock compression ratio, r sh , because ofn n ≈n n,0 . Figure 2 shows the analytical approximations of the fluid velocity of upstream ions at the shock,ū ion (x = 0), and the spectral index of accelerated particles, s = (r sh + 2)/(r sh − 1). Even though the number density of leakage neutral particles is small,n leak,sh 0.1, the the spectral index becomes larger than 2. As already mentioned by Blasi et al. (2012) , this can explain the observed gamma-ray spectra slightly steeper than the simplest prediction of DSA. Effects of leakage neutral particles becomes large when the ionization fraction is small and the flux of leakage neutral particles is large. Note that the decoupling approximation becomes somewhat bad forn leak,sh 0.1 because the relative velocity between upstream neutral particles and upstream ions becomes large (see Section 2).
In this subsection, we solve equations of the four fluid system using the tight-coupling approximation corresponding to large leakage of neutral particles. We here assume that the fluid velocity of leakage neutral particles does not change from that at the shock, u leak,sh . In addition, we assume that the fluid velocity of upstream neutral particles is the same as that of upstream ions because of the tight coupling, u n = u ion . Then, continuity equations are given by 
The momentum conservation law of upstream neutral particles, upstream ions and pickup ions is given by
where P n is the pressure of upstream neutral particles. The energy conservation law of upstream neutral particles, upstream ions and pickup ions is given by
To make the expression simple, hereafter velocities, densities, pressures and spatial coordinate are normalized in the same way as the previous subsection. From , one can obtain the following equations:
A = (γ + 1) (1 −n leakūleak,sh ) ,
, From Equations (37)-(39), one can obtain solutions of n n (x),n leak (x) andū ion (x) by numerical computations. By assuming that the brackets terms of Equations (37) and (38) are constant, one can obtain analytical approximations. Using the solutions ofn n ,n leak andū ion , the other quantities,n ion ,n PUI andP n +P ion +P PUI can be expressed byn
Moreover, the evolution of the Mach number, M (x), can be expressed by
.
(43) Figure 3 shows numerical solutions to Equations (37) - (43), where M 0 = 100, γ = 5/3,n n,0 = 0.9,n leak,sh = 0.3, u leak,sh = −0.5. For the same input parameters, the analytical approximations of Equations (37) and (38) give an about 5 percent accuracy. There is no solution with M < 1. Unlike the decoupling approximation, the flow velocity of upstream neutral particles, upstream ions and pickup ions,ū ion , is significantly decelerated because of large leakage of neutral particles from the downstream region. The number density of upstream neutral particles,n n , and upstream ions,n ion , become large because of compression. Moreover, the increase rate of the number density of upstream ions is larger than that of upstream neutral particles because some of upstream neutral particles are ionized in the precursor. Unlike the decoupling approximation, solutions of the upstream ions velocity and the Mach number, Equations (39) and (43), do not explicitly contain the density of upstream neutral particles. Therefore, one can obtain analytical solutions at the shock. From Equation (30), one can obtain the analytical solution of the shock compression ratio, r sh . Figure 4 shows the analytical solutions of the fluid velocity of upstream ions at the shock,ū ion (x = 0), and the spectral index of accelerated particles, s = (r sh + 2)/(r sh − 1). When the number density of leakage neutral particles is n leak,sh ∼ 0.1, the spectral index becomes larger than 2. As already mentioned by Blasi et al. (2012) , this can explain the observed gamma-ray spectra slightly steeper than the simplest prediction of DSA. Note that the tightcoupling approximation becomes bad forn leak,sh ≪ 0.1 because the fluid velocity of upstream ions does not significantly change and the relative velocity between upstream ions and upstream neutral particles is still small (see Section 2).
DISCUSSION AND SUMMARY
We here discuss some important effects neglected above.
When leakage neutral particles are ionized, their velocity distribution in the upstream rest frame is initially a beam-like or ring-like distribution. These velocity distributions excite electromagnetic field and amplify the magnetic field (Wu & Davidson 1972; Lee & Ip 1987; Raymond et al. 2008; Ohira et al. 2009; Ohira & Takahara 2010) . This is a promising mechanism to explain some observations concerning to the large magnetic field (Vink & Laming 2003; Berezhko et al. 2003; Bamba et al. 2005; Uchiyama et al. 2007 ). Moreover, the electromagnetic instabilities would heat the upstream region. Hα observed from the upstream region (Lee et al. 2010) can be interpreted as the results of leakage neutral particles.
In Section 3.1 and 3.2, we assumed that the adiabatic index of pickup ions is 5/3. However, there is no guarantee that the behavior of the pickup ions is the same as the standard gas because of the collisionless system. Especially, the behavior of pickup ions at the shock is important for the shock jump condition and particle accelerations. Even though the Mach number at the shock is not so small, the compression ratio could be smaller than 4 because the adiabatic index of pickup ions could be larger than 5/3 (Fahr & Chalov 2008; Wu et al. 2009 ). If pickup ions drain the large fraction of the shock kinetic energy, upstream ions are not heated up to T = 3mu 2 sh /16. This can explain the recent observation of Hα (Helder et al. 2009 ) which showed that the temperature derived from the line width of Hα is much smaller than derived from the proper motion. These open issues are crucial for not only particle accelerations and dissipation but also the amount of leakage neutral particles from the downstream region to the upstream region. Therefore, we treated values concerning to the leakage neutral particles as free parameters in this paper. On the other hand, Blasi et al. (2012) provided the precise velocity distribution of neutral particles by assuming that only the ion distribution is a Maxwellian.
In this paper, we did not specify neutral particles. Helium atoms have a smaller cross section than that of hydrogen atoms. We expect large scale of the neutral particle precursor compared with that of hydrogen atoms. However, the ionization fraction of helium depends on time because helium atoms are ionized by radiation from the downstream region (Ghavamian et al. 2000) . Therefore, the precursor scale and the injection of helium ions into DSA could depend on an SNR age. The CR injection history of helium ions is important to understand the observed CR helium spectrum at the Earth (Drury 2011; Ohira & Ioka 2011) .
In this paper, we have investigated the effects of leakage neutral particles on shocks by using four fluid approximations (upstream neutral particles, upstream ions, leakage neutral particles from the downstream region and pickup ions). We have calculated the precursor structure due to the leakage neutral particles and found analytical solutions by using the decoupling approximation or the tight-coupling approximation, where the decoupling means that upstream neutral particles do not interact with upstream ions and the tight-coupling means the opposite case. We found that for small leakage of neutral particles, the shock compression ratio becomes significantly small. This can explain the observed gamma-ray spectra slightly steeper than the simplest prediction of DSA.
